ABSTRACT
INTRODUCTION
Infertility is defined as the absence of conception after at least 12 months of unprotected intercourse in the couples with regular sex life (Zhu et al. 2009 ). Infertility affects up to 15% of the sexually active population and 30% of these cases are caused by the male factor (Brugo-Olmedo et al. 2001) . It is important to consider that infertility can cause emotional disorders, including stress, low self-esteem and social isolation (Burns 2007) . Such disorders result from the inability of these couples to generate offspring so important to complete their life project. Recent years have indicated a decline in human sperm concentration and quality (Carlsen et al. 1992 ) associated with the environmental and lifestyle factors (Sharpe 2000) . In this sense, the available biological, experimental and epidemiological data indicate that up to 13% of human infertility may be attributable to cigarette smoking (ASRM Practice Committee 2006) . Cigarette smoke contains a large number of substances, including nicotine, carbon monoxide and recognized carcinogens and mutagens (Stedman 1968) . Some of these substances and/or their metabolites can be detected in the seminal plasma (Hassan et al. 2008) . This indicates the passage of these substances through the bloodtestis barrier. Cigarette can damage the sperm function and even the genetic material. Investigations have also found that cigarette smoking decreases sperm motility (Sofikitis et al. 1995) , increases abnormal sperm morphology (Sofikitis et al. 1995; Künzle et al. 2003) and decreases sperm concentration (Künzle et al. 2003) . The sperm cells have low capacity for DNA repair while the paternal transmission of genotoxic damage is high (Zenzes et al. 1999) . As a result increased risks for birth defects and childhood cancer can be observed in the offspring (Sorahan et al. 1997) . In addition, the smoke depresses the antioxidant levels (Colagar et al. 2009 ), causing hormonal changes (Trummer et al. 2002) and the formation of toxic metabolites. Moreover, people exposed passively to cigarette smoking may suffer reproductive consequences similar to active smokers (ASRM Practice Committee 2006) . In this aspect, the exact molecular mechanisms involved are not understood, but oxidative stress is suggested (Ozyurt et al. 2006) . Smokers who undergo infertility treatment are often advised to break the smoking habit (Künzle et al. 2003) . In this case, the patients live through an abstinence period that is characterized by the psychological, biological and social symptoms such as a depressed or dysphoric mood, irritability, frustration or anger, anxiety, difficulty in concentrating and maintaining attention, decreased heart rate, increased appetite, weight gain, motor incoordination and tremors, increased susceptibility to viral infections and relationship problems (Rosas and Baptista 2002; Guerra 2004) . During this period, changes or mutations in germ cell/sperm formation that may have occurred during cigarette smoking exposure can persist and compromise the fertilizing capacity and/or the generation of healthy offspring. On the basis of these considerations, this study aimed to evaluate the testicular function (semen and reproductive parameters) in an animal model throughout a complete spermatic cycle during abstinence from cigarette smoke exposure in order to identify possible residual damage and whether these parameters could recover spontaneously. 
MATERIALS AND METHODS

Animals
Experimental groups
Thirty-two rats (60 days old) were divided into two groups: non-smoking control group and smoking group. The smoking group was exposed to cigarette smoke at a rate of 20 cigarettes per day for two months. After finishing the treatment, each group was subdivided into four subgroups (0, 15, 30 and 60 days of abstinence from cigarette smoke exposure).
Exposure to cigarette smoke
Cigarette smoke exposure was conducted by the mainstream smoke generated by a mechanical smoking device and delivered into a chamber (De Souza et al. 2010) . Smoke was released at a rate of 10 cigarettes per 30 minutes, twice in the morning with 10-minute rest intervals. This procedure was performed daily for 60 consecutive days. This period included a complete spermatogenic cycle, which is about 52 days (França et al. 1998 ). According to the manufacturer, each cigarette used in the experiment provided 10 mg of tar, 0.7 mg of nicotine, and 10 mg of carbon monoxide.
Body weight and wet weights of right testis, epididymis and seminal vesicle
After finishing the treatment according to the number of days after the last exposure to cigarette smoke (0, 15, 30 or 60 days), the rats were weighed and anaesthetized with sodium pentobarbital (40mg/Kg, ip.). The right testis, epididymis and seminal vesicle were identified, removed and their weights (absolute and relative to body weights) were determined. The seminal secretion (difference between the seminal vesicle weight with and without secretion) was also determined.
Sperm quality
All the spermatozoa present in the vas deferens were collected and diluted in 1.0mL of culture medium (Ham Nutrient F-10 Modify; Cultilab, Campinas, Brazil) for the evaluation of sperm concentration (luminal sperm content in the vas deferens), motility, vitality, and morphology. Sperm concentration and motility were analyzed in a Makler counting chamber (Sefi-Medical, Haifa, Israel). Sperm motility was assessed by counting both the motile and immotile spermatozoa in at least 10 separate randomly selected fields. At least 100 spermatozoa were evaluated per 10-µL drop in the five drops analyzed from each sample under a bright-field microscope (magnification ×125). Then, the proportion of spermatozoa that exhibited flagellar activity was recorded. Sperm vitality was analyzed after staining with eosin Y-nigrosin. One hundred spermatozoa were evaluated using phase contrast microscopy at ×400 and were classified as either dead (if they were orange-red in color, indicating that the stain had passed through the membrane) or alive (if they were not stained). Results are expressed as the percentage of live sperm. This staining technique made it possible to differentiate the spermatozoa that were immotile but alive from those that were dead. A reduction in the percentage of motile spermatozoa associated with a high percentage of viable spermatozoa might reflect the structural or metabolic abnormalities that were derived from the abnormalities in testicular function or antimotility factors in the seminal plasma (WHO 1999) . To evaluate the sperm morphology, smears were prepared on histological slides, stained with hematoxylin and Shorr and observed under a phase contrast microscope (magnification ×1000). Spermatozoa were classified as normal or abnormal (Seed et al. 1996; WHO 1999) .
Daily Sperm Production and sperm number
Homogenization-resistant testicular spermatids (stage 19 of spermiogenesis) were counted as described by Robb et al. (1978) , with some modifications (Fernandes et al. 2007 ). Briefly, the right testis was decapsulated and weighed soon after the collection and homogenized in 5.0 mL of 0.9% NaCl containing 0.5% Triton X-100, followed by sonication for 30 s. After a 10-fold dilution, a sample was transferred to Neubauer chambers (four fields per animal) and the number of mature spermatids was counted. Daily sperm production (DSP) was determined by dividing the total number of homogenization-resistant spermatids per testis by 6.1, which is the number of days of the seminiferous cycle during which these spermatids are present in the seminiferous epithelium.
Statistics
For normally distributed data, results were analyzed by descriptive statistics. Then, Student´s t-test and the Mann-Whitney U-test were used, with results considered significant at P < 0.05.
RESULTS
The analysis in Table 1 showed significant reductions in the percentages of progressive motile spermatozoa and morphologically normal spermatozoa in the rats exposed to cigarette smoke compared to control rats at 0, 15 and 30 days of abstinence. However, at day 60, this change was not observed, indicating a possible recovery of these parameters. The vitality was not altered at any of the four observation moments. The rats exposed to cigarette smoke also showed reduction in sperm concentration compared to the control rats at 0, 15 and 30 days of abstinence (Fig. 1) . The numbers of spermatids per testis and DSP were significantly reduced in the rats exposed to cigarette smoke in relation to control rats, in all periods (Table 1) . As indicated in Table 2 , body weight loss was observed in the cigarette-smoke exposure group at the first analyzed period. However, a weight gain was observed in the cigarette-smoke exposure group at 60 days of cigarette abstinence. The absolute and relative wet weights of seminal vesicle and seminal vesicle secretion at the first period analyzed were increased in cigarette-smoke exposure group (Table 2) . On the other hand, the relative seminal vesicle, testis and epididymis weights were decreased in smoke-exposed group at 30 and 60 days of cigarette abstinence (Table 2 and 3). 
DISCUSSION
Smoking is considered a lifestyle hazard to both active and passive smokers. Cigarette smoking may also be related to subfertility or infertility.
There is a particular interest in the environmental and lifestyle factors implicated in subfertility and infertility because, unlike genetic causes, curative or preventive measures can be implemented in this treatment. It is important to consider that prospective fathers not only should abstain from smoking, but also avoid exposure to second-hand smoke (Polyzos et al. 2009 ). The present study confirmed that cigarette-smoke exposure, in fact, harmed semen and reproductive parameters. Furthermore, residual damages were observed even during abstinence from cigarette-smoke exposure. Sperm parameters can provide valuable information regarding potential reproductive toxicity (Seed et al. 1996) . In human smokers, there are reports that cigarette smoking can reduce sperm concentration (Künzle et al. 2003; Liu et al. 2010) , percentage of motile (Sofikitis et al. 1995; Kumosani et al. 2008; Liu et al. 2010 ) and normal sperm morphology (Sofikitis et al. 1995; Künzle et al. 2003; Liu et al. 2010 ). In the rats, Yamamoto et al. (1998) and Kapawa et al. (2004) observed that long-term exposure to cigarette smoke provoked reductions in sperm concentration and/or motility. The potential correlation between the semen parameters and an agent that alters male reproductive function is greater in humans than in animals. Therefore, it is prudent to assume that many perturbations of reproductive function that will not affect birth rate in a population of infrahuman mammals could cause reproductive failure in humans (Amann 1986 ).
Corroborating with some of the cited investigations, the present study showed decreases in sperm concentration and in percentages of motile and morphologically normal sperm in the rats from cigarette-smoke exposure group. Furthermore, the residual damage induced by cigarette smoke was shown by these alterations in 15 days and 30 days of abstinence from cigarettesmoke exposure. In addition, spontaneous recovery of these parameters was demonstrated at 60 days of abstinence. Spermatogenesis occurs in the testis and its duration varies among species, for example, about 52 days in the rats (França et al. 1998 ) and 64 days in the humans (Heller and Clermont 1963) . In the present study, the daily sperm production (DSP) and number of testicular spermatids were reduced in the groups exposed to cigarette smoke in all the periods observed. These alterations were corroborated by some other studies that demonstrated harmful effects of cigarette smoke on spermatogenesis in male rats. The rats exposed to cigarette smoke showed a reduction in the seminiferous tubule diameter (Rajpurkar et al. 2000; Ahmadnia et al. 2007 ), decreased germ cell count (Rajpurkar et al. 2000) , fewer Sertoli cells (Ahmadnia et al. 2007 ), degeneration of the Leydig cells, and a decrease in its population (Yardimci et al. 1997) . The absence of spontaneous recovery of DSP and number of testicular spermatids occurred probably because cigarette smoke caused direct effect on male germ cells (Robbins et al. 2005) and needed more time to restore. In addition, seminal parameters could be normal prior to DSP recovery since in the seminal fluid, a natural storage of sperm occurred before the release of this fluid. Cigarette smoke is a complex milieu possessing an array of free radicals and reactive oxygen species (ROS) that promote lipid peroxidation and consequently perturb the antioxidant defense system in the blood and tissues of smokers (Pryor 1997; Delibas et al. 2003) . Thus, one possible mechanism by which exposure to cigarette smoke leads to damage in seminal and reproductive parameters is oxidative stress (Ozyurt et al. 2006) . In the present study the absolute wet weights of the testis and epididymis did not show alteration at any abstinence analyzed moment. On the other hand, the absolute and relative wet weights of seminal vesicle and seminal vesicle secretion at the first period analyzed were increased in cigarette-smoke exposure group. These data showed an accumulation of secretion in the seminal vesicles of this group by cigarette smoke exposure, probably due to deficiency of seminal vesicle's contraction. This contraction deficiency could be related to low testosterone level in cigarette smoke exposed rats (Garcia et al. 2012) , since seminal vesicle´s contraction depend on appropriated testosterone level (Pereira et al. 2003; Pereira and Piffer 2005) . It is well documented that cigarette smoking can decrease weight and some people, mainly adolescents, smoke and try to lose weight with this habit (Johnson et al. 2009 ). Consequently, during abstinence from cigarette smoking, individuals go through several changes including increased appetite and weight gain (Rosas and Baptista 2002; Guerra 2004) . In the present study, using the rats as animal model, a body weight loss was observed in cigarette-smoke exposure group at the first period analyzed. In addition, a body weight gain was also observed in cigarette-smoke exposure group at 60 days of cigarette abstinence. These alterations could be due to metabolic effects of nicotine (Nerín et al. 2007 ). Bellinger et al. (2010) showed that the administration of nicotine to the rats induced a decrease in body weight that was not the result of increasing metabolic rate but by causing a reduction in food intake. The exact mechanism that nicotine affects feeding behavior need to be elucidated. However, there are some suggestions. Neuropeptides such as neuropeptide Y (Bishop et al. 2002) and peptides hormones such as leptin (Klein et al. 2004) could be involved in feeding-related actions of nicotine. Neuropeptide Y is a potent stimulator of feeding and could be decreased by nicotine. In contrast, leptin is a negative regulator of food intake hormone, that acts as a signaling molecule and communicates the level of body fat reserves to the hypothalamus, could be increased by nicotine. In addition, nicotine can also increase the release of neurotransmitters, including dopamine and serotonine, which are inhibitors food intake (Yang et al. 1999) . The reductions of relative wet weights of testis, epididymis and seminal vesicle at 30 and 60 days of abstinence in smoke-exposed groups probably occurred due to the increase of body weight of these groups. Thus, the results of the present study confirmed that cigarette smoke exposure damaged the semen as well as reproductive parameters. The exact mechanism by which cigarette smoke caused these effects on male reproduction needs to be elucidated. However, the spontaneous recovery of some parameters such as sperm concentration, percentages of motile and morphologically normal sperm occurred during a complete spermatic cycle, following the cessation of this exposure. Thus, it will be interesting to investigate whether an equivalent abstinence period in the humans would minimize the residual damages caused by cigarette smoking and thereby improve the treatment of smoker´s infertility.
